There are discrepancies with respect to the age at which adult-like performance is reached on tasks assessing global motion perception. This is in part because performance in children depends on stimulus parameters. We recently showed that five-year-olds demonstrated adult-like performance over a range of speeds when the speed ratio was comprised of longer spatial and temporal displacements; but displayed immature performance when the speed ratio was comprised of shorter displacements. The goal of the current study was to assess the effect of these global motion stimulus parameters across a broader age range in order to estimate the age at which mature performance is reached. Motion coherence thresholds were assessed in 182 children and adults aged 7-30 years. Dot displacement (Dx) was 1, 5, or 30 min of arc; frame duration (Dt) was 17 or 50 ms. This created a total of six conditions. Consistent with our previous results, coherence thresholds in the youngest children assessed were adult-like at the two conditions with the largest Dx. Maturity was reached around age 12 for the medium Dx, and by age 16 for the smallest Dx. Performance did not appear to be affected by Dt. This late maturation may reflect a long developmental period for cortical networks underlying global motion perception. These findings resolve many of the discrepancies across previous studies, and should be considered when using global motion tasks to assess children with atypical development.
Introduction
Global motion perception is the ability to integrate locallymoving elements across a large region of visual space for an overall percept of motion direction. It is typically assessed using random dot stimuli in which a proportion of dots move together in a signal direction, while the remaining dots move in random directions. The proportion of signal dots is reduced to obtain a coherence threshold that is taken as an index of global motion sensitivity.
Global motion tasks recruit a network of cortical regions connected with V5/MT+ (Braddick, O'Brien, Wattam-Bell, Atkinson, & Turner, 2000; Braddick et al., 2001; Cornette et al., 1998; Dupont, Orban, De Bruyn, Verbruggen, & Mortelmans, 1994) , and performance on a global motion task is taken as an indicator of the maturity of these networks. Discrepancies in the age at which global motion perception appears to be adult-like across studies may depend on the stimulus parameters these studies used to create an animation. For example, psychophysical coherence thresholds for direction discrimination have been shown to be adult-like at ages as young as three months (measured via eye movements; Blumenthal, Bosworth, & Dobkins, 2013) , three years (Parrish, Giaschi, Boden, & Dougherty, 2005) or six years (Ellemberg, Lewis, Maurer, Brar, & Brent, 2002) . Other studies have shown coherence thresholds to be immature at age two years (measured via eye movements; Yu et al., 2013) or five years (Ellemberg et al., 2003; Ellemberg et al., 2004; Ellemberg et al., 2010; Narasimhan & Giaschi, 2012) , with adult-like performance reached by age 12 years (Hadad, Maurer, & Lewis, 2011) or age 14 years (Bogfjellmo, Bex, & Falkenberg, 2014) . Similarly, motion-defined form tasks using similar random-dot stimuli, in which participants must detect a shape defined by a contrast in motion direction or coherence, have shown maturation by age 7 years (Hayward, Truong, Partanen, & Giaschi, 2011; Parrish et al., 2005) , 10 years (Gunn et al., 2002) , or 15 years (Schrauf, Wist, & Ehrenstein, 1999) , depending on the stimulus.
There are many spatial and temporal parameters in a global motion stimulus that can produce a change in children's coherence thresholds when varied. Dot density is one such stimulus parameter. For example, children perform more adult-like when a stimulus contains more dots per square degree (Narasimhan & Giaschi, 2012) . Dot lifetime, or the number of frames for which a signal dot continues in the signal direction before being replotted in a random direction, may also play a role; limiting the lifetime of signal dots increases thresholds in control children (Manning, Charman, & Pellicano, 2015) and in adults (Festa & Welch, 1997; Pilly & Seitz, 2009) , though no direct comparisons have been made between the two age groups to determine if they are impacted to the same extent. Dot speed is also important. For example, global motion perception is more immature for slow than for fast speeds (Bogfjellmo et al., 2014; Narasimhan & Giaschi, 2012) . Moreover, a similar effect of speed on the maturation of motion perception has been found for first-and second-order global motion using Gabor patterns (Ellemberg et al., 2004; Ellemberg et al., 2010) , grating direction discrimination (Falkenberg, Simpson, & Dutton, 2014) , motion-defined form (Hayward et al., 2011) , radial flow (Joshi & Falkenberg, 2015) , dot rotation (Kaufmann, 1995) , and speed discrimination (Ahmed, Lewis, Ellemberg, & Maurer, 2005; Manning, Aagten-Murphy, & Pellicano, 2012) . Minimum velocity thresholds decrease with age for tasks using moving bars (Aslin & Shea, 1990) or motion-defined form (Giaschi & Regan, 1997; Parrish et al., 2005) , suggesting a prolonged fine-tuning of mechanisms underlying slow motion perception even when mastery of a task at higher speeds has occurred. The delayed maturation of mechanisms responsible for slow speeds may leave these vulnerable to disruption by developmental disorders.
The speed of signal dot movement in deg/s, however, does not fully characterize the spatiotemporal displacement properties of a global motion stimulus. For example, coherence thresholds in adults can vary when the underlying spatial (Dx) and temporal (Dt) displacement parameters are changed but their ratio, and hence stimulus speed, remains the same (Arena, Hutchinson, & Shimozaki, 2012) . Crucially, the effect of stimulus parameters on coherence thresholds can depend on the age of the observer. Young macaques show greater motion sensitivity for stimuli comprised of larger spatial displacements regardless of Dt (Kiorpes & Movshon, 2004) . This indicates that development unfolds in a coarse-to-fine fashion such that sensitivity for smaller spatial displacements, regardless of speed, is improved during development. In turn, this leads to the prediction that children should perform more adultlike for larger spatial displacements. This finding was confirmed in our previous study comparing global motion coherence thresholds in children aged 4-6 years to adults on a range of spatiotemporal parameters (Meier & Giaschi, 2014) : children demonstrated greater immaturities for small displacements, which correspond to slow speeds, and more adult-like responses for large displacements, which correspond to faster speeds. Importantly, performance for intermediate speeds was adult-like with large but not for smaller spatial displacements, a finding that resolves some previous inconsistencies about maturational age for global motion perception. These findings indicate that mature performance is reached at a later age for smaller spatial displacements, but provide no indication of what this age might be. Additionally, the pattern of coherence thresholds obtained in the previous study suggested that maturity at medium-to-small displacements may be reached earlier in life for stimuli presented with a shorter temporal displacement and further evidence is necessary to confirm whether this is the case.
The goal of the current study was to investigate global motion maturation in children and adults with typical visual development between seven and 30 years of age. In particular, we were interested in quantifying the age at which global motion perception can be considered mature across six different combinations of spatial and temporal stimulus parameters. This will expand upon our previous finding showing the effect of these stimulus parameters in younger children, and also provide normative data for future studies involving children with developmental visual disorders.
Methods
This work was carried out in accordance with the Code of Ethics of the World Medical Association (Declaration of Helsinki).
Participants
Participants between the ages of seven and 30 years old were recruited from the community to participate. All participants had normal or corrected-to-normal vision and no reported visual, developmental or cognitive disorders. Informed consent was obtained from adults or parents, and assent was obtained from all children participating in this study. Data from some adult participants were collected for a prior study (Meier & Giaschi, 2014) that used the same stimuli used in the current study. In total, 217 participants were recruited to participate. Twenty-four participants (aged 7.2-22.7 years, M = 14.9 years) were excluded for poor visual acuity and/or poor stereoacuity (see criteria below); eleven participants (aged 7.1-23.4 years, M = 11.0 years) were excluded for failing to complete enough of the experiment within the hour either due to task misunderstanding or motivational difficulties. In all, data from 182 participants were used in the analysis.
Apparatus
An Intel Core i7 Macintosh Macbook Pro running MATLAB R2015a (The Mathworks, Inc.) equipped with the Psychophysics Toolbox extension version 3.0.12 (Brainard, 1997; Kleiner, Brainard, & Pelli, 2007; Pelli, 1997) was used to generate the stimuli for this experiment. A BenQ XL2420T LED-backlit LCD Monitor at a resolution of 1920 Â 1080 and a 60 Hz refresh rate was used to present the stimuli. Participants responded using a Gravis Gamepad Pro while viewing stimuli in a dimly-lit room at a viewing distance of 1 m.
Stimuli and experimental conditions
The stimulus animation parameters used in this study were the same as those used in our previous studies (Meier & Giaschi, 2014; Meier, Sum, & Giaschi, 2016) and were chosen to approximate those of Kiorpes and Movshon (2004) . Each stimulus consisted of an array of 64 white (260 cd/m 2 ) dots, 1 arcmin diameter, on a black (0.7 cd/m 2 ) background. Stimuli subtended a 7.7 Â 7.7 deg square area in the center of the screen, yielding a density of 1.1 dots/deg 2 in each frame (or 1.7% of area). Signal dots moved left or right. A white noise algorithm controlled dot movement: on each update of an animation frame, a dot was selected to be a signal dot with a probability equal to the coherence value, which could range from 0 to 1. The remaining dots were re-plotted in random locations. Thus, signal dot lifetime was determined probabilistically, such that the probability of each signal dot disappearing was equal to the stimulus coherence level on any given trial. Two factors were examined in this study: Dx, the spatial displacement of the dots between each pair of animation frames; and Dt, the duration of each frame. The six conditions assessed here are identical to those used by Meier et al. (2016) 
Procedure
For each participant, visual acuity was assessed using the Regan high-contrast letter chart (Regan, 1988) and stereoacuity was assessed using the Randot Preschool Stereoacuity Test (Stereo Optical Co., Inc.). For inclusion in the data analysis, a bestcorrected monocular visual acuity score of 0.15 logMAR (1.4 arcmin resolution; equivalent to 20/28 Snellen) or better in both eyes, and stereoacuity of 60 arcsec or better (Birch et al., 2008) were required.
The procedure for measuring coherence thresholds began with a slideshow that presented instructions for how to play a spacethemed game. The study used a two-alternative forced choice procedure in a direction discrimination task: participants were instructed to decide whether they saw a star field moving to the left towards one character, or to the right towards another character. A two-down, one-up staircase controlled stimulus coherence level. The first trial of each staircase began with a coherence of 1. For subsequent trials, coherence levels were decreased (made more difficult) when the participant answered correctly for two trials in a row, or increased (made easier) for one incorrect trial. For correct responses, a cartoon character and an auditory chime would be presented; for incorrect responses, a different cartoon character would be presented with no auditory feedback. Stimulus coherence was adjusted in steps of 0.1 for the first three response reversals after which the step size was halved at each reversal until a minimum step of 0.01 was reached. Response reversals at coherence values greater than 0.8 were ignored to prevent early mistakes from impacting the range of coherence values reached by the staircase. After a minimum of 40 trials, a staircase terminated after 10 response reversals or 50 trials, whichever occurred first. Staircases were conducted sequentially, such that within a given block, only one threshold for one condition was being estimated with a single staircase.
Eight trials of a practice staircase were conducted binocularly using the parameters of Dx = 15 arcmin and Dt = 33 ms. Practice trials were repeated if accuracy was below 5/8 correct. Experimental trials were conducted monocularly with an eye patch covering the eye not being examined. A Latin square was used to determine the condition order for each participant to mitigate order and practice effects.
Data analysis
To estimate coherence thresholds, we used the hybrid approach (Hall, 1981; Leek, Hanna, & Marshall, 1992) in which a staircase is used to control stimulus levels and a psychometric function is fit to the response data. To calculate a coherence threshold for each condition, we fit a Weibull function (Watson & Pelli, 1983) to participants' coherence by accuracy data using a maximum-likelihood minimization bootstrap procedure. The coherence level at the slope of maximum inflection on the Weibull curve (a; 82% correct for a two-alternative forced-choice task; Strasburger, 2001 ) was defined as threshold. Coherence thresholds were bounded between 0 (completely random motion) and 1 (completely coherent motion). During threshold estimation, the slope (b) of the function was free to vary within the bounds of 1-10; initial guess value was set to 3.5. Lapse rate (d) was fixed to 0.01. A chi-square goodnessof-fit test was used to assess the psychometric function fit for each threshold. Where this goodness-of-fit test failed, trial-by-trial data were inspected and re-fit after removing early mistakes at high coherence levels and/or trials reflecting a coherence level that was presented only once. If fit was not improved, the participant's threshold for this condition was removed from analysis. A total of 15 thresholds were removed for this reason: they spanned all conditions, and all ages (M age = 14.6 years, SD = 5.5, range = 7.1-24.2 years).
Our goal for this study was to estimate the age at which performance can be considered mature for each condition, and compare this across conditions. A common practice for determining whether performance can be considered mature is to create bins of ages (e.g., 7 years, 8 years, 9 years, and so on; or 7-8 years, 9-10 years, and so on) and compare each age bin to the adult data by conducting an analysis of variance with multiple-comparison follow-ups to determine significant differences between ages (e.g., Giaschi, Narasimhan, Solski, Harrison, & Wilcox, 2013; Hadad et al., 2011; Parrish et al., 2005) . In keeping with this practice and to allow for easy comparison to other papers, we first present the results of an age-binned analysis of variance. However, there are a few problems with this approach for our specific research question: quantifying the age at which global motion perception can be considered mature. First, accuracy and precision are lost when a continuous variable, in this case age, is turned into a categorical variable. Moreover, the selection of age bin widths is usually arbitrary and can impact the outcome of the analysis; for example, whether the ''true" maturational age falls near the lower limit, middle, or upper limit of an age bin has implications for the calculated mean of the binned data. Finally, this approach does not allow us to directly compare ages of maturation across conditions -it would only allow us to make statements on whether or not children of younger ages appear adult-like for each condition.
For these reasons, we have used a non-parametric approach to estimate maturational age and used a bootstrapping procedure to construct confidence intervals around these estimates in order to compare maturational age across conditions. We have used LOESS smoothing (Cleveland & Devlin, 1988; Gijbels & Prosdocimi, 2010; Jacoby, 2000) , a locally-weighted polynomial regression technique, to model our data by fitting a curve to our coherence thresholds as a function of age. An advantage of this analysis strategy is that this data-driven approach allows us to assess age-related changes in coherence thresholds without imposing a functional form on any of the trends across all conditions, that is, without assuming any specific mathematical relationships between coherence thresholds and age. While we have selected this procedure because we presume that adults will have the lowest coherence thresholds, this is not a built-in assumption of the statistical model.
We conducted a one-way between-subjects analysis of variance (ANOVA) for each of the six conditions to test the effect of age on coherence thresholds, using a Welch (1951) correction for heterogeneous variances where appropriate. Children were divided into two-year age bins (7-8 years, 9-10 years, 11-12 years, 13-14 years, and 15-16 years old) and participants 17-30 years old were binned into one adult group. Significant age effects were followed up with the Dunnett procedure (Dunnett, 1955; Dunnett, 1964) comparing coherence thresholds of each age bin to the adult bin, using a Welch-Satterthwaite adjustment (Satterthwaite, 1946; Welch, 1947) for degrees of freedom to correct for heterogeneous variances. Our LOESS fitting and bootstrapping procedures were implemented in R (version 3.3.1; R Core Team, 2013) using the boot package (version 1.3-18; Canty & Ripley, 2016; Davison & Hinkley, 1997) . For each condition, we fit a LOESS curve to coherence thresholds as a function of age using a smoothing parameter of 0.50. Next, we determined the age at which the lowest coherence threshold was achieved in the fitted data. The value one standard error above this was taken as a LOESS threshold value, T. We have defined the age of maturation as the age at which performance reaches T. We compared the LOESS fit to T, and took the age at which the fitted values crossed T as our point estimate of the age of maturation. Finally, we constructed a 68% bootstrapped bias cor-rected and accelerated (BCa) confidence interval (Carpenter & Bithell, 2000; Efron, 1987) around this point estimate, in order to compare estimated ages across all six conditions. Note that the obtained confidence intervals are expected to be asymmetric.
Results
Mean coherence thresholds for each of the six age bins assessed in the analysis of variance are displayed in Fig. 1 . For stimuli using Dx = 1 arcmin, there was a significant effect of age for both Dt conditions (for Dt = 17 ms, F(5, 77.2) = 17.12, p < 0.001; for Dt = 50 ms: F(5, 76.9) = 16.37, p < 0.001). Follow-up tests indicated that children aged 7-14 years had significantly higher coherence thresholds than adults (for Dt = 17 ms, 7-8 years: Dunnett's t(42.3) = 8.51, p < 0.05; 9-10 years: t(47.5) = 4.80, p < 0.05; 11-12 years: t(39.4) = 2.36, p < 0.05, 13-14 years: t(43.7) = 2.23, p < 0.05; for Dt = 50 ms, 7-8 years: t(33.4) = 7.11, p < 0.05; 9-10 years: t(47.2) = 4.73, p < 0.05; 11-12 years: t(38.0) = 2.45, p < 0.05; 13-14 years: t(37.2) = 3.42, p < 0.05), and that coherence thresholds for 15-16 year olds were not different from adults (for Dt = 17 ms, 15-16 years: t(50.8) = 0.82, p = 0.42; for Dt = 50 ms, 15-16 years: t (62.7) = 0.07, p = 0.94). There was also a significant effect of age for stimuli using Dx = 5 arcmin for both Dt conditions (for Dt = 17 ms, F(5, 74.5) = 6.08, p < 0.001; for Dt = 50 ms, F(5, 75.6) = 3.26, p = 0.010). Follow-up tests indicated that the 7-10 year olds, in both conditions, had significantly higher thresholds than adults (for Dt = 17 ms, 7-8 years: Dunnett's t(30.5) = 4.00, p < 0.05; 9-10 years: t(42.9) = 2.55, p < 0.05; for Dt = 50 ms, 7-8 years: t(30.0) = 2.93, p < 0.05; 9-10 years: t(47.0) = 2.67, p < 0.05). Thresholds for the children aged 11-16 were not different from adults (for Dt = 17 ms, 11-12 years: t(32.8) = 1.36, p = 0.18; 13-14 years: t(37.5) = 1.92, p = 0.062; 15-16 years: t (59.1) = 1.24, p = 0.22; for Dt = 50 ms, 11-12 years: t(35.1) = 1.48, p = 0.15; 13-14 years: t(51.3) = 0.74, p = 0.46 15-16 years: t(50.6) = 0.59, p = 0.56). Finally, there was no effect of age for stimuli using Dx = 30 arcmin (for Dt = 17 ms, F(5, 174) = 1.06, p = 0.38; and for Fig. 1 . Mean coherence thresholds as a function of age bin for each of the six spatio-temporal stimulus parameter conditions. Error bars indicate standard error. Asterisks indicate age groups that were found to have significantly higher thresholds than the adult group. No significant effect of age was found in either of the Dx = 30 arcmin conditions (bottom two panels). Dt = 50 ms, F(5, 174) = 0.42, p = 0.83). Notably, the variance in coherence thresholds was not significantly different across age groups for stimuli using Dx = 30 arcmin (by Levene's test using median-deviated scores: F(5, 174) = 1.44, p = 0.21; F(4, 174) = 0.43, p = 0.82; for Dt = 17 and 50 ms, respectively), supporting the notion that maturation is complete in this condition for all ages.
The results of the LOESS analysis are consistent with the agebinned analysis of variance, and provided point-estimates for the age at which motion perception can be considered mature for each condition. Coherence thresholds are plotted as a function of age, for each condition, in Fig. 2 . Age of maturation for the Dx = 1 arcmin conditions was estimated to be 15.7 (68% CI: 12.1-16.5) years and 16.46 (68% CI: 11.5-15.9) years for the for Dt = 17 ms and 50 ms conditions, respectively. For the Dx = 5 arcmin conditions, age of maturation was estimated to be 10.7 (68% CI: 8.8-10.9) years and 12.4 (68% CI: 9.3-13.6) years for the Dt = 17 ms and 50 ms conditions, respectively. For both conditions using Dx = 30 arcmin, the model was unable to generate a point estimate or construct a confidence interval around age because the LOESS fit was below T at all ages. This indicates that performance stabilized at adult-like levels before age 7 for these conditions.
For clearer comparison across conditions, Fig. 3 displays these estimated ages. A maturational age was reached earliest in the Dx = 30 arcmin conditions, with maturation occurring sometime before age 7 years. The remaining conditions yielded mature performance later than 7 years: both Dx = 5 arcmin conditions yielded maturational ages in late childhood/early teenage years, and both Dx = 1 arcmin conditions yielded maturational ages in the late teenage years.
To determine if visual acuity was significantly correlated with coherence thresholds in each condition independent of any age effects, we partialled out the effect of participant age in correlations between logMAR visual acuity of the eye used to conduct the task, and coherence thresholds in each of the six conditions, using a Holm-Bonferroni adjustment (Holm, 1979) for multiple Fig. 2 . Coherence thresholds as a function of age for each of the six spatio-temporal stimulus parameter conditions. Red lines indicate the model LOESS fit (span = 0.5). The horizontal dashed line represents T, the threshold that the LOESS fit must pass for performance to be adult-like. The age at which the LOESS fit passes T (see text Section 2.5) is the estimated age of maturation. The point estimate of this age is indicated in dark blue; the shaded lighter blue area indicates the 68% confidence interval around this estimate. The model fits indicated that coherence thresholds for the Dx = 30 arcmin conditions (bottom two panels) were adult-like by age 7, so no age estimates are given.
comparisons. Partial correlations between acuity and the three Dx conditions (1, 5, and 30 arcmin, respectively) were 0.14, 0.00, and 0.03 in the Dt = 17 ms condition, and 0.16, 0.16, and -0.11 in the Dt = 50 ms. The largest correlation, 0.16, indicated that acuity explained less than 3% of variance in coherence thresholds for these conditions and was not statistically significant p = 0.48). Because all participants obtained a stereoacuity of 40 arcsec, with the exception of two younger children who obtained 60 arcsec, we were unable to assess a relationship between stereoacuity and coherence thresholds.
Discussion
We measured coherence thresholds for global motion direction discrimination as a function of age (7-30 years) and spatiotemporal stimulus parameters. We found that stimuli comprising large displacements (30 arcmin or 0.5 deg) yielded mature performance in the youngest children assessed. Stimuli comprising medium displacements (5 arcmin) were estimated to yield mature performance between the ages of 8.8-13.6 years. Finally, stimuli comprising the smallest displacements (1 arcmin) were estimated to yield mature performance between the ages of 11.5-16.5 years. These developmental patterns were unrelated to visual acuity.
The results of the current study are consistent with our previous work with younger children (4-6 years old; Meier & Giaschi, 2014) . That study found that young children demonstrated immature performance on global motion stimuli with small spatial displacements, but showed adult-like performance on stimuli with large spatial displacements. Performance was not determined by signal dot speed, since thresholds were mature on medium speeds using larger, but not smaller, displacements. For comparison to the current results, the 4-to 6-year-old children in the prior study showed coherence thresholds of 0.49, 0.34, and 0.26 in the Dt = 17 ms condition; and 0.41, 0.22, and 0.32 in the Dt = 50 ms condition; for stimuli using spatial displacements of 1, 5, and 30 arcmin, respectively. The current study confirms that performance on the largest (30 arcmin) displacement is mature early in life, and extends the previous findings by describing the age at which global motion thresholds reach adult-like performance for stimuli created with medium (5 arcmin) and small (1 arcmin) displacements. These results confirmed our prediction that performance on the smallest spatial displacements mature latest in life. We did not find any evidence that performance reaches maturity at an earlier age for longer (50 ms) rather than shorter (17 ms) temporal displacements. Our results are also consistent with research in developing macaques indicating that peak Dx for motion sensitivity decreases as a function of age, regardless of stimulus Dt, until around 3 years of age (Kiorpes & Movshon, 2004) . The current study indicates a similar coarse-to-fine pattern of development in humans, with full maturity reached around age 16 years, a developmentally equivalent age for spatial visual function of approximately 4 years in macaques (following the 4:1 rule; Boothe, Dobson, & Teller, 1985) .
The current study indicates a coarse-to-fine pattern of development in humans, such that maturity is reached sooner for larger spatial displacements, with full maturity reached around age 16 years for stimuli with the smallest displacements. Previous research has indicated that children's performance is likely limited by an immaturity in sampling efficiency (Bogfjellmo et al., 2014; Falkenberg et al., 2014) , or the ability to make full use of the information available in a motion stimulus. The perception of motion in stimuli with large displacements is limited by correspondence noise (Barlow & Tripathy, 1997; Tripathy, Shafiullah, & Cox, 2012) since larger signal dot displacements allow for a greater likelihood of randomly-displaced dots to be repositioned closer to a signal dot's previous position than the signal dot itself. As thresholds for these large-displacement stimuli are no different for children and adults, correspondence noise does not appear to be a limiting factor in children's performance. Sensitivity to spatial displacements early in life may be achieved by a local displacementtuned mechanism in early visual areas, optimized to large spatial displacements (useful for detection of ecologically-relevant fast motion) that refines to smaller displacements with development. This may be a function of V1: simple cells in V1 have receptive fields that are displacement-tuned, while neurons in MT are largely speed-tuned (Priebe, Cassanello, & Lisberger, 2003; Priebe, Lisberger, & Movshon, 2006) . V1 sensitivity may limit the downstream development of global, speed-tuned processes in higher visual regions such as V5/MT+ that are slowly fine-tuned as the output of V1 matures. In support of this, magnetic resonance imaging in young macaques indicates BOLD responses in V1 are present as young as three months, but V5/MT+ responses do not emerge until at least one year (Kourtzi, Augath, Logothetis, Movshon, & Fig. 3 . Estimated age of maturation for each of the six spatio-temporal stimulus parameter conditions. The point estimate of each condition is plotted; error bars indicate the 68% confidence interval around this estimate. Model fits indicated that coherence thresholds for the Dx = 30 arcmin conditions were adult-like by age 7, the youngest age assessed in this dataset, so no confidence intervals are available. Kiorpes, 2006) . Visual evoked potentials (VEPs) to motion stimuli are displacement-tuned over occipital cortex in infants, similar to adults; unlike adults, however, infants do not show speed-tuned responses over parietal regions (Hou, Gilmore, Pettet, & Norcia, 2009) . Late maturation of global motion perception shown in the current study may reflect the improvement of global motion processing as motion processing fully matures in V5/MT+ and other regions downstream of early visual cortex.
Rather than maturation within a single region, however, late maturation for slow speeds or small displacements in behavioral tasks may also reflect the pruning of connections among V5/MT+ and associated regions in response to visual experience. Biagi, Crespi, Tosetti, and Morrone (2015) found that 7-week-old human infants demonstrated adult-like selectivity for coherent flow stimuli in V5/MT+, but decreased functional connectivity between V1 and V5/MT+. These diffuse connections may become more adultlike as visual experience becomes more adult-like. Head-centred and retinal flow speeds for an infant are approximately 10 deg/s faster than an adult while participants move together at the same pace (Raudies & Gilmore, 2014) . The visual world of infants changes as they develop from sitting to crawling to walking, and a child's height, locomotion speed, or head posture can all contribute to different experiences of optic flow patterns (Gilmore, Raudies, & Jayaraman, 2015) with fast translational flow making up a large portion of early visual experience. The VEP responses of infants indicate that they are most sensitive to coherent linear (Gilmore, Hou, Pettet, & Norcia, 2007) and fast (Hou et al., 2009) speeds. While VEPs to different flow patterns in children aged 4-8 years show many adult-like properties, speed-selective responses do not show a mature distribution (Gilmore, Thomas, & Fesi, 2016) . Thus, the coarse-to-fine pattern of development shown in the current study may reflect cortical changes that arise in response to changes in the visual environment.
While we did not conduct formal analyses on changes in variance across age groups and conditions, it is clear from inspection of Fig. 1 and Fig. 2 that in the conditions where development is still occurring (small and medium spatial displacements), variation decreases with age. This likely reflects variation from a number of sources that impact development. Primarily, we believe this reflects the fact that stages of development do not begin at precisely the same age; rather, as in many aspects of development, some children will mature earlier than their peers, while others will lag behind. Moreover, this may reflect differences in the slope of children's developmental trajectories, such that some children take more time to reach maturation than others. It is not possible to estimate this slope without conducting a longitudinal study, but doing so may assist in accounting for individual differences in coherence thresholds, particularly in younger children at risk for visual developmental disorders. It is also clear from the data that variance is stable but highest in the conditions with the largest displacements, where mature performance is observed for all ages we assessed. While we ruled out an influence of visual acuity, this may be related to individual differences in D max , the largest displacement for which coherent motion is perceived; larger displacements are not perceived as motion. D max has been shown to be adult-like by 7 years of age (Parrish et al., 2005) , though this may also depend on stimulus parameters. In adults, D max is reduced for stimuli with smaller elements (Morgan, Perry, & Fahle, 1997) and lower densities (Eagle & Rogers, 1996) as used in the current study, so the large displacement for this condition may be nearing participants' maximum motion displacement limit.
The results of the current study provide a framework for generating predictions about which global dot motion stimuli will elicit the most differences between children and adults in a global motion task, resolving inconsistencies across previous studies. Blumenthal et al. (2013) found near-adult like coherence thresholds in 3-month-old infants using eye-movement responses to large-field stimuli of similar density with Dx = 25 arcmin (Dt = 13 ms), although these optokinetic responses may not reflect the same processes underlying perceptually-based direction discrimination particularly before the first year of life (Mason, Braddick, & Wattam-Bell, 2003; Morrone, Atkinson, Cioni, Braddick, & Fiorentini, 1999) . On the other hand, children aged two years had elevated thresholds compared to adults for stimuli using Dx = 7.8 arcmin displacements (Dt = 17 ms) (Yu et al., 2013) , and children up to age 11 years were immature on stimuli with Dx = 3 and 14 arcmin (Dt = 13 ms) (Hadad et al., 2011) . Parrish et al. (2005) found no significant differences between a group of 3-4-year-olds compared to adults for stimuli using Dx = 8.5 arcmin, which may not be consistent with the current data; however, with larger variance in the youngest age groups they may not have had the power to detect a small age effect (Hedge's g = 0.63). Moreover, their stimulus had a very long Dt of 107 ms. While the temporal displacement parameters assessed in the current study did not appear to have an effect on maturation of coherence thresholds, this may not be the case for very long (or even very short) Dt. Of course, mature global motion performance likely depends on additional stimulus parameters, such as an increased dot density (Narasimhan & Giaschi, 2012) .
Similar to typical development, the use of different stimulus parameters may explain why elevated coherence thresholds in developmental disorders have been documented in some, but not all, studies that assess global motion perception in these disorders. These include amblyopia (e.g., deficits : Simmers, Ledgeway, Hess, & McGraw, 2003; no deficits: Ho et al., 2006) , autism (e.g., deficits: Milne et al., 2002; Pellicano, Gibson, Maybery, Durkin, & Badcock, 2005 ; no deficits: Jones et al., 2011) , dyslexia (e.g., deficits: Cornelissen, Hansen, Hutton, Evangelinou, & Stein, 1998; Talcott, Hansen, Assoku, & Stein, 2000; no deficits: Tsermentseli, O'Brien, & Spencer, 2008; White et al., 2006) ; and Williams syndrome (deficits: Atkinson et al., 1997; Atkinson et al., 2003; Palomares & Shannon, 2013; no deficits: Nakamura, Kaneoke, Watanabe, & Kakigi, 2002; Reiss, Hoffman, & Landau, 2005) . Few studies have investigated this particular aspect of stimulus parameters in these populations, but the current data are consistent with studies on visual developmental disorders showing deficits for slow, but not fast, motion speeds. Our previous study in children with amblyopia using the same stimulus parameters as the current study (Meier et al., 2016) indicated normal coherence thresholds on Dx = 30 arcmin, but elevated thresholds on 5 and 1 arcmin, stimuli. For children with autism, deficits were present on stimuli using Dx = 1.5 arcmin, but not 6 arcmin (assuming Dt = 17 ms; Manning, Charman, & Pellicano, 2013) . Children with dyslexia have shown deficits on Dx = 1.5 but not 46 arcmin stimuli (Edwards et al., 2004) . The current study indicates that these results are consistent with the Detroit model of development (Levi & Carkeet, 1993) which proposes that aspects of visual function that take the longest to mature are more vulnerable to damage following the onset of developmental disorder affecting vision. Consistent with this is that stimuli with sparse dot density, which lead to greater immaturities in 5-year-old children (Narasimhan & Giaschi, 2012) , maximizes differences in coherence thresholds between controls and adult participants with disorders affecting motion perception (such as dyslexia: Conlon, Lilleskaret, Wright, & Stuksrud, 2013; Talcott et al., 2000) .
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